The infrared spectrum of the hydroxyl radical OH, between 1850 and 9000 cm -1 , has been measured with a Fourier transform spectrometer. The source, a hydrogen-ozone diffusion flame, was designed to study the excitation of rotation-vibration levels of the OH Meinel bands under conditions similar to those in the upper atmosphere which produce the nighttime OH airglow emission. Twenty-three bands were observed: nine bands in the Ap = 1 sequence, nine bands in the Ap = 2 sequence, and five bands in the Ap = 3 sequence. A global nonlinear least-squares fit of 1696 lines yielded molecular parameters with a standard deviation of0.003 cm -1 . Term values are computed, and transition frequencies in the Ap = 3, 4, 5, 6 sequences in the near-infrared are predicted.
INTRODUCTION
first observed the vibration-rotation spectrum of the hydroxyl radical in the night sky. The bright airglow is produced by a chemical reaction of hydrogen and ozone in the Earth's upper atmosphere. The band system has been observed in planetary and stellar atmospheres and oxygen-supported flames. Langhoff et al. (1983) suggested that the surface glow observed on the Atmosphere Explorer satellites is due at least partially to emission from vibrationally excited OH radicals produced by surface interactions with ground-state oxygen atoms. The first astronomical observations of OH rotational emission was observed in the Orion outflow region by Storey, Watson, & Townes ( 1981 ) . Vibration-rotation and pure rotation bands of OH have been observed in the infrared spectrum of the photosphere of the Sun (Grevesse, Sauvai, & van Dishoeck 1984; Sauvai et al. 1984) , in late-type ( OH ) stars ( Beer et al. 1972; Lambert et al. 1984) , and in interstellar space (Robinson & McGee 1967) . The advent of large-format near-infrared array detectors has expanded the utility of the 2 pm telluric window for astronomical observations. The OH airglow emission lines are strong and variable and present a significant calibration problem. Oliva & Origlia ( 1992 ) reported the measurement of many OH airglow lines that can be used for calibration for infrared spectrometers. Osterbrock & Martel (1992) obtained accurate rest wave-1 Permanent address: Department of Physics, Andhra University, Waltair, India.
2 The National Optical Astronomy Observatories are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. lengths for OH vibration-rotation spectral lines and discuss the suitability of certain lines for wavelength calibration. Ramsay, Mountain, & Geballe (1992) reported measurements of the nonthermal emission of the hydroxyl radical and examine the temporal and spatial variability of the emission.
Several high-resolution spectroscopic studies have provided detailed measurements of the transition frequencies of the OH radical in recent years. The A-doubling transitions in the ground state have been measured by Brown et al. ( 1978) using electron paramagnetic resonance techniques and laser magnetic resonance spectroscopy (Brown et al. 1981) . Lemoine, Bogey, & Destombes ( 1985 ) measured 39 pure rotational transitions of OH in the u = 0 and v = 1 vibrational states using a laser diode spectrometer. Maillard, Chauville, & Mantz ( 1976) observed nine vibration-rotation bands of OH in the emission of an oxyacetylene flame with a Fourier transform spectrometer from which transitions between the first five vibrational states were obtained. Term values for d > 5 vibrational energy levels were obtained by Coxon ( 1980) from a merging of spectroscopic measurements made in the microwave, infrared, and ultraviolet spectral regions. The fundamental vibration-rotation bands of OH and OD were measured by Amano (1984) using difference frequency laser spectroscopy which resolved satellite lines. Abrams et al. ( 1990) measured the 1-0 and 2-1 bands of OH to study highly excited rotational states of the Meinel system. Sappey & Copeland (1990) used laser double-resonance to study highly excited vibrational transitions between the u = 8 and p = 12 vibrational energy levels of the ground state leading to new molecular parameters for the i> = 8 and 12 states of OH (Coxon, Sappey, & Copeland 1991 We report a new measurement of the infrared spectrum of the hydroxyl radical produced in a diffusion reaction of hydrogen and ozone at low pressure which approximates the conditions under which the chemiluminescent emission of the nighttime airglow is observed. The distribution of lines among the bands is indicated in Table 1 which summarizes the number of lines in each branch and band; under each branch are listed the number of observed lines and the maximum /-values (in parentheses). This measurement greatly expands on previous measurements of the spectrum of the hydroxyl radical and should provide accurate line positions for a majority of the spectral features of the infrared air glow. In a related work Chackerian et al. ( 1992 ) are using the spectrum reported in the present work to evaluate rovibrational intensities and the electric dipole moment function for the hydroxyl radical.
The spectrum lines were subjected to a simultaneous nonlinear least-squares fit to determine optimum molecular parameters and energy levels. The parameters display a slow variation with vibrational quantum number. The extension of the Meinel bands may allow for the identification of additional lines of OH in the infrared in stellar and atmospheric sources that have not been previously observed in terrestrial sources. Hamiltonian parameters and energy levels are provided to simplify the inclusion of the data into existing spectrum synthesis programs. Line positions are predicted for infrared and visible transitions in the Av = 3,4, 5, and 6 sequences that are not directly measured in the present work.
EXPERIMENTAL
A reaction cell was fabricated that permitted the formation and excitation of the hydroxyl radical under conditions similar to those found in the upper atmosphere (P = 4 torr, T < 300 K). The radicals were formed by flowing purified gaseous
TABLE 1 Summary of Observed Bands
Av R 1-0 2-1 3-2 4-3 5-4 6-5 7-6 8-7 9-8 10-9 2-0 3-1 4-2 5-3 6-4 7-5 8-6 9-7 10-8 6-3 7-4 8-5 9-6 61 (17.5) 67(19.5) 65(17.5) 63(17.5) 45(13.5) 41 (11.5) 18(9.5) 6 (3.5) 22 (5.5) 6 (7.5) 40(11.5) 53(18.5) 58(19.5) 62(18.5) 68 (19.5) 69(19.5) 47(13.5) 45(14.5) 38(10.5) 25 (7.5) 42(12.5) 48(13.5) 39(12.5) 23 (6.5) 26 (6.5) 22 (6.5) 13(5.5) 8 (3.5) 14 (6.5) 20 (6.5) 20 (7.5) 25 (8.5) 22 (6.5) 24 (7.5) 24 (7.5) 22 (7.5) 19(7.5) 6 (4.5) 7(3.5) 11(4.5) 14(5.5) 28 (8.5) 26 (7.5) 23 (6.5) 12(3.5) 7 (2.5) 24(12.5) 38(12.5) 33(10.5) 40(12.5) 34(10.5) 32 (9.5) 33 (9.5) 29(10.5) 19(11.5) 39(12.5) 31 (10.5) 24(10.5) 29 (9.5) 24 (6.5) 19(7.5) 29 (9.5) 31 (9.5) ozone and dissociated hydrogen together under carefully controlled conditions. The molecules were primarily created in the p = 9 vibrational energy level, and the other energy levels were populated as the molecules emit radiation. A low-dispersion plot of the spectrum is given in Figure 1 illustrating the band structure and the blackbody emission from the interferometer optics. A higher dispersion plot of the spectrum is given in Figure 2 illustrating several P lines of both the 1-0 and 2-1 bands. The spectrum is plotted on a linear-logarithmic scale that permits the display of high signal-to-noise ratio spectra. The most annoying feature of the spectrum is the sine instrumental line shape which distorts all lines in the spectrum; this ringing occurred because the interferometer had insufficient resolution to resolve narrow spectral lines present in the diffusion flame.
A description of the spectrometer and the methods of data transformation and reduction have been presented earlier (Abrams et al. 1990 ). The interferometer was the 1 m Fourier transform spectrometer at the McMath Solar Telescope at the National Solar Observatory, Kitt Peak. An unapodized resolution width of0.0096 cm -1 was used and the observed spectrum was calibrated against C0 2 lines present, as impurities, in the diffusion flame. The C0 2 lines were measured by Guelachvili et al. (1983) ; a correction factor of 1.000000715(205) was determined by Brown (1990) using 15 lines. The estimated absolute error is determined by the error in the line-fitting process which is not expected to exceed (1L/2)(S/N) _1 ~ 0.25 mK, where ITis the line width, and (S/N) is the signal-tonoise ratio which ranges from a minimum of 20 up to 5000.
DATA REDUCTION
The spectrum was reduced into a line list using the interactive data processing code DECOMP written by J. W. Brault and adapted for use with IBM PC-compatible computers . Each line was fitted with a Voigt function to obtain accurate estimates of the wavenumber, intensity, width, damping parameter, and the equivalent width. Unfortunately, due to the ringing present in the spectrum, this method proved unsatisfactory for two reasons: the ringing introduces 10-20 fictitious peaks for each strong line; and the instrumental line shape overwhelmed the expected Voigt shape, biasing the resultant line parameters. The distortion of the intensity, width, and damping was expected and should not have compromised the measurement of line positions, but in practice the Hamiltonian reduction of the line positions into molecular parameters failed to converge below 0.009 cm -1 . Upon closer analysis it became apparent that the instrumental line shape was the limiting factor in the analysis. Brault and Abrams developed a method for enhancing the resolution of Fourier transform spectra without compromising the signalto-noise ratio or introducing computational artifacts (Abrams, Davis, & Brault 1989) . The method is a simple variation on traditional least-squares fitting of line shapes to Voigt functions: after each iteration of fitting the underresolved line to a Voigt function, the residuals are filtered with a sharp cutoff function that matches the resolution of the interferometer. An example of the method in action is given in Figure 3 tal line shape function (the transfer function of the interferometer, nominally a sharp cutoff function), only the six distinct lines in Figure 3¿z were fitted (these being lines that were clearly recognizable as real lines), and the fitted spectrum in Figure 3è demonstrates that the strong lines have been more fully resolved and several new lines have appeared in the fitting resid-3010 3012 3014 Wavenumber (cm 1 ) Fig. 3 .-Typical example of the spectral fitting process: {a) raw spectrum before the instrumental distortion (ringing) is removed; {b) spectrum after least-squares fitting to remove ringing; notice in (/?) that several lines that were obscured are now clearly visible. * 1-0 Origin *2-1 Origin *3-2 Origin *4-3 Origin 3500 3750 Wavenumber (cm 1 )
Fig. 2.-Intermediate-dispersion plots of the vibration rotation spectrum of OH: ( top) spectrum plotted to illustrate ringing that dominates the appearance of strong OH lines; {middle) spectrum illustrating relative positions and strengths of branches in the Au = 1 sequence; {bottom) spectrum illustrating the origins of the bands in the Au = 1 vibrational sequence. uals of the stronger lines-these turned out to be lines near the head of an R branch. Each branch was fit to a polynomial in J using the interactive computer code ANALYSIS developed by Pecyner & Davis (1988) . Line-by-line fitting was critical for correctly assigning the lambda-doubling components and extending the branches beyond previously measured transitions. Lines which deviated by more than three standard deviations (3 <7) were assumed to be misidentified and purged from the fitting process so that the polynomial estimates could be refined for successive calculations.
Once identified, the observed line positions were fitted to calculated line positions derived from Hamiltonian matrices. The matrix elements of the effective Hamiltonian were calculated using the unique perturber approximation for a 2 I1 state perturbed by a 2 Z state and Hund's case {a) parity symmetrized basis set. The matrix elements, given in Table 2 , are identical to those used by Abrams et al. ( 1990) in an earlier analysis of highly excited rotational states of OH. A nonlinear least-squares method was used in a global fit of all identified lines to derive equilibrium molecular parameters. Trial parameters were developed and used to set up the Hamiltonians of the upper and lower vibrational states with v between 0 and 10. The matrices were diagonalized to obtain the energy sublevels for each /-value of the upper and lower states, from which calculated line positions were obtained.
Iterative comparison of the experimental line positions with the calculated line positions permitted the evaluation of corrections to the molecular parameters with which a new set of term values is calculated. Two iterations were sufficient for the fit to converge, once erroneous assignments were eliminated.
RESULTS
The 1696 observed line positions of the Av = 1,2, and 3 sequences were used to derive 104 molecular parameters with a standard deviation of 0.003 cm -1 . The observed line positions and residuals (calculated minus observed) are given in Tables 3-25 ; the lines are labeled with the traditional F { or F 2 , e or /notation. The derived molecular parameters are given in Tables 26A and 26B . The molecular parameters display a slow variation with vibrational quantum number; in particular the spin-orbit parameter^ decreases smoothly until v = 7 when it begins increasing. In contrast A D is negative and varies slowly until v = 6 when it changes by a factor of 2 in magnitude. Previous measurements by Coxon & Foster (1982) have reached a similar conclusion about the variation in A based on merges of independent fits of each band, but they were unable to determine ^ for 1; > 4 and consequently the discontinuity in A d is unexpected.
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